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ABSTRACT11

The accumulation of Lunar dust on various surfaces is the subject of much recent study, yet12

is still poorly understood. Recent plans to return humans to the Moon as part of the Artemis13

program mean that the presence of robust infrastructure to support a permanent human presence14

is inevitable. Power supply systems, such as Radioisotope Thermoelectric Generators are a likely15

part of that infrastructure, but require radiative thermal dissipation through a series of radiator fins16

to function effectively. In this work, the results of a parametric study of the impact on radiator17

efficiency due to various quantities and types of lunar dust simulants are presented, determining18

that the impact from low levels of lunar dust accumulation is not significantly detrimental to the19

efficiency of Multi-Mission Radioisotope Thermoelectric Generator performance in a vacuum, but20

increased fidelity of data would improve these findings..21
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22

INTRODUCTION23

The hazards that lunar dust poses on the safety of astronauts and the reliability of equipment24

became evident during the Apollo program. Even during stays as short as a few days, the fine25

particles of lunar regolith became more than a mere nuisance. After decades of study, we now26

have a better idea of dust properties and behavior than ever before, yet there still remains many27

unknowns when it comes to what impact that dust may have on systems during long-term stays on28

or colonization of the Moon. One of those unknowns is how accumulated lunar dust effects the29

efficiency of radiative heat dissipation for an Radioisotope Thermoeletric Generator (RTG). The30

interior of Multi-Mission RTGs (MMRTGs) reach up to 510°K, and must be cooled in order to31

function properly. RTGs that have been used in the past have either been used in clean, dust-free32

environments, such as the vacuum of space, or in dusty, atmospheric environments such as Mars.33

In the former case, the determination of radiator efficiency becomes one of simple radiative heat34

transfer. In the latter, a combination of convection and radiation plays into the efficiency of the35

RTG, even when covered with dust. However, on the Moon or other small, dusty bodies with no36

atmosphere, it is unknown if the dust will significantly impact radiator performance. As seen in the37

past with the thermal modeling of emissivity on AZ-93 and AgFEP thermal control coatings, by38

varying the surface coverage of the samples with lunar simulant JSC-1AF. Both surfaces showed39

different emittance trends, one increasing and the other decreasing relative to the fractional coverage40

of dust over the surface [7], suggesting the importance of understanding dust accumulation and41

its effects on thermal radiation with different material surfaces. Thus, this work seeks to gain an42

understanding of what one might expect during the Artemis program and beyond.43

BACKGROUND44

Using dust samples from the lunar surface during testing, known henceforth as regolith, is45

impractical primarily due to the limited supply. Thus, most experiments use one of many regolith46
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simulants developed based on the properties of Lunar regolith. It is worth discussing the differences47

between regolith simulants and lunar regolith itself for the purposes of understanding the expected48

level of precision of the experiment campaign described in this work. Lunar regolith itself is not49

exposed to the daily erosion and oxidation environment that we take for granted here on Earth.50

Thus, when observed under a high level of magnification, even particles on the order of a few51

micrometers are still rough and jagged, which contributes to their adhesive and abrasive behavior.52

Simulants developed on Earth necessarily have different properties and are less abrasive when53

compared to their lunar counterparts.54

The state-of-the-art of plume-surface interactions on extraterrestrial bodies - namely the Moon55

andMars - is a rapidly evolving field based on the findings of the Apollo program and spurred on by56

recent ambitions to return to the Moon through the Artemis program as well as several independent57

endeavors aimed at Martian colonization. These efforts are not identical in their approach or58

objectives, but all share a need to understand and plan for the adhesion and ablation of surfaces59

due to the impact of fine particles generated by rocket plumes near the surface of foreign bodies.60

Not only does this dust post a hazard to human health and performance, but high-velocity dust may61

cause damage to nearby systems, fine particles may obstruct nominal operation of moving parts,62

and the electrostatic and adhesive properties of the dust may impede thermal management systems.63

Fine particles on Earth, the Moon, and Mars are all distinct from one another in fundamental64

ways, however the properties of the latter two in their natural environments may produce counter-65

intuitive behavior to untrained observers. Lunar regolith consists of particles of the same size we66

would find on Earth all the way down to sub-micron particles. Unlike regolith on Earth, these67

particles are not eroded by wind or water and are thus far more abrasive, clinging to materials and68

even the inside of the lungs of astronauts. It has been known to interfere with mechanical processes69

and, due to the lower gravity, the kinetic behavior of these particles is greatly influenced by the70

local charged environment to a greater degree than gravity, causing ’lofting’ of particles near the71

lunar surface [14]. The lack of any significant atmosphere on the lunar surface also means that72

lunar dust can be ejected from plume impingement or impact sites at extremely high velocities [4].73
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Dust contamination during the Apollo program was a notorious problem, even during the short74

visits to the lunar surface, totalling no longer than 75 hours at most. What is of most interest75

to this study is the understanding of dust generated at landing (Fig. 1), which generated craters76

underneath the lunar module and ejected particles at high speeds in all directions. Since Apollo,77

the dust trajectories and behavior has been extensively studied based almost exclusively on video78

recordings during those missions [9]. One other example of how this dust can impact other surface79

assets is Apollo 12, where the crew landed in close proximity (∼ 155 m) to the Surveyor 3 probe.80

The mirror on that spacecraft was returned for detailed analysis and both the accumulation of dust81

and the pitting due to the Apollo 12 landing was measured, showing 101 pits
cm2 [6].This provides a82

single data point in lunar dust ablation and adherence. However, Surveyor 3 itself was not in direct83

line of sight to the Lunar Lander, being partly sheltered by the rim of the crater. This means that84

our only experimental evidence of the ablative nature of lunar dust from the lunar surface is not a85

reliable one.86

Artemis provides us with the opportunity to implement lessons through the experience gained87

from Apollo and then expand upon them with new research and applied technologies. Recent88

developments in the field of Computational Fluid Dynamics (CFD) have greatly increased our89

abilities to understand plume-surface interactions [3, 10], and the study of regolith combined with90

the mapping of the lunar surface, based partially on the LRO demonstrate a greater understanding of91

the variables that exist on the Lunar surface. What this means is that we can combine experimental,92

simulated, and analyticalmodels to generate a first pass at comprehensive plume-surface interactions93

[16, 12, 15].94

The primary constraint placed on understanding the properties and behavior of Lunar regolith95

is the high expense of obtaining real samples and the difficulty of reproducing them on Earth.96

Dust on other celestial bodies is formed from the unique environments of those worlds, and factors97

on Earth such as humidity and erosion as well as the lack of suitable production methods mean98

that precisely replicating that regolith with current technology is challenging. Thus, modern99

experiments rely on regolith simulants which, depending on the precise simulant in question, seek100
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to mimic the properties of extraterrestrial dust such as grain size, density, albedo, adhesiveness,101

chemical composition, or dynamic properties. However, no simulant exists that adequately mimics102

all of these at once. It is important to note that the adhesive properties and electrostatic behavior of103

real regolith are the most difficult properties to reproduce, as the jagged, rough particles cannot be104

duplicated precisely on Earth and the dynamic, charged environment is likewise often neutralized105

by Earth’s relatively high atmospheric pressure.106

Granular Mechanics107

Granularmechanics is a field of physics which seeks to understand the aforementioned dynamics108

of fine dust particles. These dynamics may simply be the kinematics of high velocity particles109

explored by [12,15, 1], or lower-speed particle-particle interactions explored by [10] and [13].110

Recent work in this field has investigated the possibility that dust generated by impacts or landings111

will accumulate in the Cislunar space [16] or even impact the Deep Space Gateway [12], but112

has come to a null conclusion. However, that isn’t to say that risk from high-velocity particles113

don’t exist. Indeed, for any human landing, the entire Lunar surface might expect to receive some114

impacts, with the frequency of impacts falling off as a function of distance from the landing site115

and lander size [11,12,8].116

Current work in the field of granular mechanics is focusing on the study of the plume-surface117

interactions and the development of tools to better quantify the effects, quantity, velocities, and118

trajectories of the particles generated during a landing. Most of themodeling and prediction, to date,119

is based on a combination of Apollo video footage [9], extrapolation based on crude measurements120

of crater sizes under the lander [8], and analytical methods based on a combination of observations121

of cratering and CFD simulations [12], which will be discussed below. Instrumentation bound122

for the Moon, in the form of science payloads, must be developed as the Artemis program ramps123

up, yet designing an instrument robust enough to withstand the high-velocity impacts yet sensitive124

enough to take precise measurements is not an easy feat.125

Charged particle interactions also play a significant role in modeling and understanding the126
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behavior of regolith on the surface of bodies with negligible atmospheres, such as the Moon. This127

plays a specific role in understanding the adhesiveness of fine particles, which may play a role in128

the thermal systems of spacecraft and, of specific interest for this study, the thermal efficiency of129

propulsion systems [2]. A layer of insulating material on a turbopump, for example, may inhibit130

nominal operation, and the charge buildup of reusable rocket components due to friction alone may131

induce failures that would not be present on Earth or in a vacuum-induced environment.132

In the lunar environment, the fine particles in the regolith are usually more strongly influenced133

by electric fields than they are lunar gravity, itself being only 16.5% as strong as Earth’s [5]. This134

is especially true of particles moving at high velocity moving through the magnetic fields Earth135

and the Sun, as demonstrated simply by Lorentz force. As velocity increases to the order of km/s136

so too does the Lorentz force, thus significantly overcoming the force of gravity for small particles.137

The presence of moisture also changes the precise behavior of these particles, affecting both their138

adhesion and charge. Furthermore, the gravity of Earth is, of course, vastly different than that of139

the Moon. On the Moon, charged particle dynamics are often far more dominant than gravitational140

charge. Thus, for a notional vertically-oriented plate such as what one would find on an RTG,141

regolith simulant on Earth may fall off easily while it’s counterpart on the Moon, exposed to real142

lunar regolith, may accumulate a large external layer of dust. During the 2005 Lunar Regolith143

Simulant Materials Workshop, it was addressed that the thermal radiator aboard the Apollo Lunar144

Roving Vehicle had to constantly be brushed off due to its accumulation of lunar dust, occupying145

valuable crew time. [2].146

METHODOLOGY147

In this section, the theory andmethodology employed in the acquisition of the thermal properties148

of the regolith samples considered as well as that used for the experiment to determine the impact149

of dust adhesion to radiator fins on the efficiency of MMRTGs is expanded upon. Conclusions will150

be reserved for the following section.151
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Theory152

The power emitted by a body in a vacuum follow an emission pattern in accordance with153

Stefan-Boltzman law such that154

¤& = ¤&1 − ¤&2 (1)155

Where ¤& = �fn)4 is the power in Watts, � is the area, f is the Stephan-Boltzman constant,156

n is the coefficient of emissivity that considers the object as a grey body instead of a black body,157

and ) is the temperature in Kelvin. For specific configurations, we may add a coefficient, �1→2,158

that describes the relative surface areas known as the view factor. Adding this coefficient and159

substituting this into Eq. 1 above yields160

¤& = �1fn�1→2()41 − )
4
2 ) (2)161

For surfaces with different emissivity coefficients, it can be shown that162

¤& =
f()41 − )

4
2 )

1−n1
�1n1
+ 1
�1�1→2

+ 1−n2
�2n2

(3)163

Four our specific configuration, we may consider two plane elements to the interior of a coaxial164

right circular cylinder (Fig. 3), one each for above and below the radiator fin. This can be expressed165

as166

�1→2 =
1

1 + '2
− (1 − �)2
(1 − �)2 + '2

(4)167

where � = ℎ
G
and ' = A

G
. If ℎ ≥ G, then this equation becomes168

�1→2 =
1

1 + '2
(5)169

We must also consider the interaction between the fin and the top and bottom of the vacuum170

chamber, approximated as planar elements to circular discs in a parallel plane (Fig. 4), expressed171
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as:172

�1→2 =
1

�2 + 1
(6)173

Now we have the rate of change of the energy in terms of Watts, but determine the temperature174

at any given time we must also understand the relation between energy in Joules and temperature175

in Kelvin. Thus, the specific heat of an object may be expressed as:176

& = <2Δ) (7)177

Where < is the mass, and 2 is the coefficient of specific heats (0.9 �
6> 

for aluminum 6063 and178

0.5 �
6> 

for stainless steel). Rearranging Eq. 6, and summing ¤& yields179

Δ) =

∑#
8=1
¤&83C

<2
(8)180

Where N is the number of surface features being considered, in this case 4.181

Thermal Properties Analysis182

Four simulants, specifically the NU-LHT-2M, NU-LHT-4M, OPRH4W30, and LHS-1 simu-183

lants, developed by the University of Central Florida (UCF), were tested and compared against one184

another in terms of effective thermal conductivity, hereafter denoted by : . To do this, two tools185

were used: the C-Therm thermal profiling tool and the Macroflash tool.186

C-Therm testing involved placing a known quantity of material into a metallic bin and taking187

many (∼ 25) samples across a very small temperature gradient (1 3> K) with each test taking place188

over ∼ 1 minute. The advantages of this testing were the rapid turnaround and ease of access, but189

the disadvantage was that small changes in the environment, the simulant density or quantity, or190

test configuration seemed to produce significantly different readings. Although runs themselves191

were consistent from test-to-test, mean measurements from run-to-run displayed unsatisfactory192

variability.193
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The Macroflash tool instead used a known quantity of material spread across a relatively large194

area (76 mm) at a depth of between 3 and 6 mm, a large temperature gradient (∼ 200> K), and195

collected over a period of ∼ 15 minutes. This larger gradient, area, and sample time sparks a196

greater confidence in the results produced by the Macroflash tool which, as seen in Fig. 2, show a197

significantly lower measurement than the estimates provided by the C-Therm tool. Additionally, all198

of the estimates produced by the Macroflash agree with measurements taken in 2019 of the JSC-1A199

simulant at ambient pressure (0.0482 ,
<· ) well within an order of magnitude.200

These estimates were collected with the hope that they will provide some tools for modeling dust201

accumulation on various surfaces later during the analysis of the radiator fin efficiency experiment202

campaign and future work described in § 6.203

Radiator Fin Efficiency Experiment204

Radiator fins used on MMRTGs consist of 6063 aluminum mounted radially and parallel to205

the containment cylinder. For this experimental campaign, a single fin was manufactured and206

mounted to a block of 6061 aluminum, which simulated the casing, inside of which a 120V207

insertion heater was installed. The fin itself measures 11.5 × 11.5 cm in area, and 1.9 cm in208

thickness. Thermocouples were installed in the casing and in three locations along the radiator209

fin as illustrated in Fig. 5. The assembled apparatus was then placed inside of a vacuum chamber210

and horizontal to floor on a stainless steel rod and isolated from the walls. The vacuum chamber211

was then pumped down to the order of 0.04 Pa. The heater was likewise engaged and brought to a212

temperature of 510°K at which point the temperature along the length of the radiator was permitted213

to reach a steady-stated distribution. The heater was then disengaged and the fin was permitted to214

cool down for a period of 30 minutes.215

After the radiator fin reached a steady-state (that is, temperatures were not rising or falling216

significantly along the length of the fin) the heater was turned off and the temperatures were217

monitored over a period of 30 minutes. After initial configuration was complete, tested, and any218

issues were troubleshooted, a series of control measurements could be taken. 3 trials were run219
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during which the radiator fin was not exposed to any simulant, allowing for a baseline measurement220

of efficiency to be collected. Those three runs were averaged together, serving as a control for the221

following trials. The results of this control run were plotted as a function of time in (Fig. 6).222

Following this, the test was then repeated with increasing amounts (1g, 2.5g, 5g, and 7.5g)223

of various regolith simulants on top of the radiator in an attempt to observe the relative change224

in radiative efficiency. Like the control test, each test was repeated 3 times and the results were225

averaged together to help filter out any noise between runs. An example what a plot like this226

looks like can be seen in Fig. 7, where the line styles represent different dust loads and the colors227

represent thermocouple measurement locations. The thermocouples near the end of the radiator228

(thermocouples 3 and 4) began to sag somewhere along the testing, producing slightly erroneous229

readings for fin temperatures (See Fig 7). However, these problems did not impact final results,230

which were examining how heat dissipated from the simulated MMRTG chamber (thermocouple231

1).232

RESULTS233

Results can be seen in Fig. 8. The data shows that low amounts of dust (< < 0.10 kgm2 ) does not234

effect radiator efficiency when compared with the untreated aluminum surface. This benefit is lost235

as the dust load increases and approaches 1 kgm2 , but large error bars due to variability from one trial236

to another make this uncertain. It is possible that the configuration changed unintentionally from237

one trial to another in the form of variable dust sample density and particle size, or differences in238

the way the dust was added to the fin’s surface, and thus additional data or a new method for adding239

the dust may improve the results in the future.240

There remain some concerns with this configuration that can potentially be rectified during241

future testing, specifically the reliability of the thermocouples, and the grain size of the regolith242

to which the radiator fins were exposed. Although a larger range of grain sizes could notionally243

clink to radiator fins, it is likely that only the finer particles would be kicked up during daily lunar244

surface activity and distant landings. Thus, the use of large-grain simulants, such as LHT-1 and245

OPRH4W30 are unlikely to present a realistic profile of the type of lunar dust that would impact246
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MMRTG radiators. Conclusions about grain size and regolith type are difficult to draw due to large247

error bars and high variability. However, there seems to be difference in the mass of accumulated248

dust itself. In Fig. 8, it can be seen that for dust loads of 0.075 kgm2 , 0.189
kg
m2 , 0.378

kg
m2 and 0.567

kg
m2 ,249

the temperature dissipation during a 30-minute time period at a pressure of no more than 4 Pa,250

efficiency falls by around 10 degrees in each case.251

CONCLUSION252

This study shows that radiators exposed to low levels of lunar dust (< 100 6

<2
) do not experience253

any significant reduction in terms of efficiency Fig. 4. Large error bars despite taking as many as254

9 samples demonstrates that there is a larger than ideal amount of variability in this testing config-255

uration. Higher fidelity testing would improve the results and allow for a greater understanding of256

the impact of high levels of dust accumulation on RTGs. Even so, low levels of dust accumulation257

have lower error bars and show that, for the levels of dust contamination that would be expected,258

there is no significant detriment on performance for an MMRTG.259

Future testing could be improved by finding a better way to distribute the dust across the surface260

of the radiator fin. It is hypothesized that variability in regolith density, particle size, and human261

error in distributing across the surface of the fin by hand all played a part in the large error bars as262

the mass of dust increases. It is worth noting that or a casing with 8 fins, the decreased performance,263

if it exists, would rise considerably for high dust loads.264

However, it is clear that coatings that seek to maximize performance of radiators in a vacuum,265

such as the Solar White coating, would not be effective when exposed to dust and thus would not266

be worth the investment.267

FUTURE WORK268

Immediate future work aims to examine the steady-state measurements of the temperature269

along the length of the radiator fin and then examine how this compares to existing computational270

models when burdened with uniform layers of dust with the properties derived during the thermal271

characterization experiments described in § 3.272
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This test campaign also paves the way for a more sensitive analysis of dust on radiators for273

pressurized volumes such as lunar habitats or Gateway elements, where the differential temperature274

is more sensitive to change and lower temperature differentials between ambient and the volume in275

question is expected.276
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Fig. 1.

Clips from the Apollo 15 showing the large amounts of dust generated from the lander plume of
the Lunar Descent Module. Image compiled by [11].
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Fig. 2. The results of measuring the thermal conductivity of each sample approximately 4 mm
in thickness for various samples. The dashed lines denote the average for each trial run, but they
are both very similar to one another and within the range expected and historical measurements of
regolith simulants provided by Johnson Space Center.
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Fig. 3. The configuration of the mathematical model.
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Fig. 4. The configuration of the mathematical model.
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Fig. 5. The preliminary configuration of the testing apparatus for the radiator efficiency test. In the
final configuration, the hemispheres were not employed as they were deemed unnecessary in the
vacuum chamber, but future testing for smaller temperature ranges simulating pressurized habitats
or elements as described in §6 may necessitate it’s use.
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Fig. 6. The averaged results of 3 control trials measured at the casing and three locations along the
radiator fin.
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Fig. 7. The averaged results of 3 control trials of the NU-LHT-2M simulant from UCF. The red,
blue, green, and black line sets correspond to the casing, fin 1, fin 2, and fin 3 thermocouple
locations.
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Fig. 8. The results of 3 averaged trials of 7 different regolith burdens for the NU-LHT-2M. The
values of 0.5g, 1g, 1.5g, 2g, 2.5g, 5g, and 7.5g correspond to 0.038 kgm2 , 0.075

kg
m2 , 0.113

kg
m2 , 0.151

kg
m2 ,

0.189 kgm2 , 0.378
kg
m2 , and 0.567

kg
m2 , respectively. Also plotted are the different regolith simulant

burdens for the NU-LHT-4M, the OPRH4W30, and LHS-1, but these plots only include the values
of 1g, 2.5g, 5g, and 7.5g due to time constraints. Future work intends to further refine these data
sets.
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